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Abstract

Simulation of a proton exchange membrane fuel cell (PEMFC) in its assembled state has
been a long-standing challenge, with one factor being the influence of gas diffusion layer
compression resulting from heat and mass transfer on the effective proton conductivity of the
proton exchange membrane. Due to the lack of in-situ data, it is customary to utilize an
empirical formula as a conventional model for determining the effective proton conductivity.
However, significant deviations (>10%) have been observed between simulated and
experimental data for fuel cells, mainly when the fuel cell is assembled. The assembly of
PEMEFC caused a shift of effective proton conductivity, leading to a significant deviation. To
address this issue, this study proposes a model using COMSOL that integrates mechanics,

electrochemistry, heat, and mass transfer of the fuel cell. To decrease the deviation between
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simulation and experiment, the effective proton conductivity of the proposed model is corrected
by the reference proton conductivity. Specifically, an adjustment factor is introduced to the
reference proton conductivity to correct the shift of effective proton conductivity caused by the
compression. As a result, the average deviation of the proposed model is decreased from 10.44%
to 2.25%, compared to a traditional model. As a case study, the optimal compression ratio of
20% is obtained by heat and mass transfer analysis, in which peak power density is increased
from 6611.2 to 7466.6W m™. This study highlights the importance of membrane proton
conductivity for the output performance of PEMFC.
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Highlights

® A semi-empirical model of proton conductivity caused by deformed GDL is proposed.
® The polarized curve deviation of the proposed model decreases from 10.44% to 2.25%.
® Peak power density from the proposed and previous models are 7467 and 6611 W m™.

® The optimal CR of GDL is 20% obtained by the proposed model.

1. Introduction

Due to its high efficiency, non-polluting nature, low operating temperature, and high power
density, the proton exchange membrane fuel cell (PEMFC) is regarded as one of the most
promising energy conversion devices for clean energy systems [1, 2]. Enhancing the power
density of PEMFC is crucial for promoting and utilizing clean energy. As the PEMFC is
assembled by applying a compression force to seal the system, heat and mass transfer are

significantly affected by the compression of the gas diffusion layer (GDL), which has been the



subject of numerous studies [3]. It is widely known that the elastic modulus of GDL is over one
order of magnitude smaller than that of other layers, such as the bipolar plate (BP), microporous
layer (MPL), catalytic layer (CL), and proton exchange membrane (PEM), with values of 14,
13000, 221, 249, and 232 MPa, respectively [4]. Additionally, the compression ratio (CR),
which represents the compressed volume divided by the overall volume, is typically used to
evaluate the GDL strain. An increase in CR leads to greater compression of the GDL and alters
its porosity, thereby affecting its permeability, diffusivity, and heat conductivity [5, 6]. The
output performance of the PEMFC is closely associated with the CR. Therefore, it is important
to investigate the relationship between the CR of GDL and the output performance of PEMFC.

Some researchers have employed a model to investigate the relationship between the CR of
GDL and the output performance of PEMFC. For instance, Vetter et al. [7] developed a one-
dimensional model of PEMFC that incorporated fields for hydrogen, oxygen, water vapor, and
temperature. Zhang et al. [4] then extended this model to account for the GDL compression
effects, but it did not take into account the water content of the PEM. The water content is a
critical factor of PEM that impacts the output performance of the PEMFC. If the water content
of the PEM falls below 4, PEM enters a drying state where the proton conductivity drops
drastically, leading to a decrease in the output performance of PEMFC [8]. Kulkarni et al. [9]
developed a non-isothermal model to investigate the relationship between water content and
GDL compression effect, especially when CR of GDL was 15%, 25%, and 35%. They found
that the water content of PEM increased when CR of GDL increased, leading to an increase in
proton conductivity of PEM. Therefore, the water content of the PEM directly affects the proton

conductivity of the membrane, which in turn determines the electrochemical reaction rate.



However, important parameters like the effective proton conductivity of the PEM are often
overlooked or assumed to be constant, leading to significant deviations (usually >10%) in the
ohmic loss region of the polarization curve [10]. Zhang et al. [4] employed an empirical formula
to simulate the effective proton conductivity of the PEM, but the deviation in the ohmic loss
phase was still considerable, at 7.87%. Zhang et al. [11] used an empirical formula to simulate
the relationship between gas permeability and proton conductivity of the PEM. The deviation
in the polarization curve was 8.71%. Yu et al. [12] used another empirical formula of effective
proton conductivity to simulate the polarization curve of PEMFC, but the deviation in the ohmic
loss phase was 7.01 %. Therefore, modeling investigation of PEMFC under deformed GDL
needs more effort.

Despite some unresolved issues, the relationship between the CR of GDL and the output
performance of the PEMFC has attracted the interest of numerous researchers [13—15]. Yim et
al. [16] compared the output performance of fuel cells with 15% and 30% CR using an
experiment and found that a better output performance was achieved when the CR was 30%.
However, Velan et al. [17] reported that the worst output performance was obtained at a CR of
30.55% compared to the cases of 0%, 16.6%, and 22.2% CR, with the best output performance
achieved at a CR of 16.6%. Moreover, Molaeimanesh et al. [ 18] conducted a simulation on five
different CR settings (0%, 10%, 15%, 20%, and 25%) using isotropic GDL setups, which
revealed that the highest current density was achieved at a CR of 15% by analyzing oxygen and
steam distribution. The study also found that the compression effect does not follow a
monotonic trend and that the best performance is achieved with neither too much nor too little

compression [19]. However, the isotropic setup of the GDL may have led to uniform



compression without showing the distribution of heat and mass transfer under the ribs and gas
channels. Heat and mass transfer behaviors under the channel and rib are different, leading to
uneven temperature and species distribution. This may cause problems like localized hot spots
that can damage PEMFC components. Simon et al. [20] analyzed oxygen transport and found
that the best output performance occurred at a CR of 19%, but they did not consider steam
distribution. Wang et al. [21] used a lattice Boltzmann theory to determine the water transfer in
the different CR of 0%, 10, 20%, 30%, and 40%, respectively. They found that the part of
compressed GDL leads to a low water transfer behavior compared to the part of uncompressed
GDL. The steam directly affects the supply of reaction gases and the transmembrane transport
of protons, which can ultimately affect the proton conductivity of PEM [22, 23]. Therefore, the
output performance of the fuel cell is related to the heat and mass transfer behavior in deformed
GDL.

Despite the impressive research on the impressive deformed GDL and output performance
of PEMFC, the discrepancy between simulation and experimental remains substantial,
indicating a challenge in predicting PEMFC output performance in deformed GDL. This study
presents a semi-empirical model for the cases involving deformed GDL. To decrease the
deviation of simulation and experiment in deformed GDL, the reference proton conductivity,
based on the semi-empirical proton conductivity formula of PEM, is corrected by an adjustment
factor. To validate the proposed model, the proposed model is solved using COMSOL, and
compared to experimental data to evaluate the deviation. To evaluate the advantage of the
proposed model, polarization curve, power density, effective proton conductivity, and water

content of PEM are compared between the proposed and traditional models. In addition, as a



case study, the optimal CR of GDL is obtained by analyzing the distribution of gas species and
temperature using the proposed model. The contributions of this study are summarized below:
® The PEMFC model, which includes mechanics, electrochemistry, heat and mass transfer,
is extended to the situation applicable to the deformed GDL.
® To improve the accuracy of the model, the traditionally defined reference proton
conductivity in a semi-empirical formula is corrected by a new adjustment factor.
® The deviation between the proposed model and experimental data decreased from 10.44%
to 2.55% compared to the conventional model.
2.Methodology
To explore how the CR of the GDL affects the performance of PEMFC and the distribution
of gas, liquid, and temperature, a two-phase, two-dimensional model is developed,
incorporating GDL partitioning and anisotropic settings. The model focuses on both in-plane
and through-plane directions, as shown in Fig. 1a, and uses a semi-empirical approach validated
by experimental data [4]. The model also includes the solid mechanics of GDL to analyze
deformation [24]. The electrochemistry of CL is used to analyze the electrical properties of
PEMFCs. Furthermore, the GDL stress-strain is described by hyperelastic theory. The
electrochemical reaction is analyzed using the Nernst equation and Butler-Volmer equation.
The species transport in a porous medium is described by Fick’s law. The heat conduction in
PEMEC is described by Fourier’s law. The heat convection in gas channels is described by
Newton’s law of cooling. The model is built and solved by COMSOL Multiphysics. A
recommended range of 8%-22% (step width is 1%) for the CR of GDL is suggested to avoid

irreversible damage to the GDL while ensuring effective sealing of the fuel cell [25]. Further



details on the model can be found in the Methodology section of the Supplementary Information.

Several assumptions are made in this study, which are summarized below :

* The system operates under steady-state conditions.

* The gas mixture is considered to be an ideal gas.

e Radiation heat transfer is not considered.
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Fig. 1. Main components and meshing scheme for simulation of PEMFC. (a) Components of

the PEMFC (not to scale). The prefix A means anode side, and the prefix C means cathode

side. MEA is membrane electrode assembly. CCM is catalyst coated membrane. (b) Meshing

scheme for simulation (to scale). (¢) Meshing scheme of MEA. (d) Subdivision of the MEA



region. Line 1 is the central line through the MEA under the rib. Line 2 is the central line

through the MEA under the GC.

2.1 Solid mechanic model of GDL

The GDL has small Young's moduli than the rest of the membrane electrode assembly (MEA).
Due to the nonlinear relationship between stress and strain of GDL, the elastic theory is utilized
to describe its stress-strain behavior [24]. The mechanical parameters relevant to this study are
presented in Table S1. The conservation of volume force is expressed by Eq. (1), where P is the
first Piola—Kirchhoff stress which is determined by Eq. (2); F) is the volume force vector. The

superscript 7’ means matrix transposition.

0=V-PT+F, (1)
P=F-S )
F=1+Vu (3)

F is the deformation gradient tensor, which is determined by Eq. (3), where [ is the unit matrix
and u is the displacement; S is the second Piola—Kirchhoff stress, which is described by Eq. (4);
Sinet 1s the inelastic stress tensor, and W is the strain energy density.

S = Siner + % (4)

In addition, the strain energy density is determined by Eq. (5), where Jo is the elastic

volumetric deformation; x and 4 are Lamé parameters; /; is the first invariant of the elastic right
Cauchy—Green deformation tensor.

1 1
W = E.Ul(h —3) = In(Jep) + 5/11 [In(Je)]? (5)

Subsequent calculation and analysis of the geometric models of electrochemistry, flow, heat



and mass transfer are based on the results of material mechanics.
2.2 Electrochemistry model of CL
The electrochemical reaction in low temperature PEMFC is determined by Eq. (6).
1
Hz(g)‘l‘zoz(g) - H,0(1) (6)
The reversible potential of PEMFC is described by the Nernst equation, which is formulated
by Eq. (7) [26], where AG=A4H-TAS is the change of Gibbs free energy during the
electrochemical reaction; the reference pressure p,.~1 bar.
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. aanFn _acatth
Lo,an@an |€XP RT — exXp T

ian } —
icath . aanFn _acatth
lo,cathQcatn | €XP — €xp

(8)

RT RT

2.3 Conservation equation of transportation of electric charge in the MEA

There are two types of charge conduction: proton conduction and electron conduction. Proton
conduction involves the region of the catalyst coated membrane (CCM), while electron
conduction involves all regions except PEM. In this study, Ohm’s law is used to describe the
charge conduction in PEMFC. Ohm’s law for electrons and protons is determined by Eq. (9).

V- (=0, V) =S,
{ (0. Vde) ©)

V- (=0, Vop) =5,
The effective proton conductivity of Nafion membranes has been studied. Springer et al. [27]

proposed an empirical formula which was determined by Eq. (10) in 1991. The deviation of the



polarization curve between the simulation and experiment in the ohmic loss region was >10%.
In 2021, Zhang et al. [4] used it to simulate and found that the deviation of the ohmic loss in
the polarization curve between the simulation and experiment was 7.87%. After years of
development, the formula of effective proton conductivity was developed by Vetter et al. [7],
which is determined by Eq. (11) in 2018, where T,,/=80°C; &' representing the Brugman
correction for adjusting the ionomer content in the PEM and CL [28]. oprerin Eq. (11) is called

a reference proton conductivity in this study. However, the formula was proposed when the

GDL was undeformed.
= (5.1391 — 3.26) x 1073 [1268 X ( 1 1)] (10)
o, = (5. : exp 303 T
15000/ 1 1
0p = €/ Oprer - max{0, f — 0.06}° - exp - = (11)
: R \Tref T

The deformation of GDL during the operation of PEMFC causes a significant deviation in Eq.
(11). Therefore, it is crucial to extend the effective proton conductivity formula to accommodate
GDL deformation. Previous research by Vetter et al. [ 7] suggested that the 116 S m™! of reference
proton conductivity best fits various experimental data. However, there is limited information
on the effective value of conductivity when assembling PEMFCs.

Indeed, the GDL is deformed when PEMFC is assembled, leading to the heat and mass
transfer behavior change in PEMFC. The water content and temperature in PEM are changed
due to the deformed GDL. Moreover, the effective proton conductivity of PEM is related to the
water content and temperature [29]. Then, heat and mass transfer behavior changes cause a
change in the effective proton conductivity of PEM. Slade et al. [30] used an experiment to
determine the relationship between effective proton conductivity and the compression effect of

PEMEFC. They found that the effective proton conductivity was shifted within a range of 10%.



Harilal et al. [31] used an experiment to investigate the effective proton conductivity of PEMs,
which found that the effective proton conductivity of different types of PEM was shifted within
a range of 6%. Therefore, a correction of reference proton conductivity is needed for the
performance prediction of PEMFC.

To expand the model to the situation of deformed GDL. This study proposes an adjustment
factor, a1, to account for the shift in proton conductivity caused by GDL deformation during
PEMEFC operation. The adjustment factor is used to correct the conductivity deviation resulting
from the non-uniform distribution of water content in the PEM. As a result, the new reference
proton conductivity is determined by Eq. (12). The value of a; is determined to be 1.1 based on
simulation results. In addition, the effective proton conductivity of the traditional model is
usually 4.2 S m™! from the experimental data [32].

Opref = a1 - 116 (12)

Furthermore, the volume fraction of water in the ionomer, denoted by f, can be calculated
using Eq. (13), where 7,,=517.76 cm® mol’! represents the equivalent volume of the dry
membrane [33]; ¥,,=18.40 cm® mol™! denotes the molar volume of liquid water under typical

operating conditions of PEMFC.

AV,

=¥ 13
AV, + Vi (13)

The Supplementary Information details the phase transitions, heat and mass transfer, and
source terms.

In a word, the heat and mass transfer behavior is changed by the deformed GDL, leading to

the shift of effective proton conductivity. Therefore, correcting the reference proton

conductivity to decrease the deviation between simulation and experiment is necessary.



Specifically, when assembling PEMFC, a pre-tightening force is required to match each
component and seal the whole system. The GDL is easily deformed due to its low Young’s
moduli. Therefore, the solid mechanic model of GDL in section 2.1 is used to describe the GDL
deformation. The electrochemistry, heat and mass transfer simulation is based on the GDL
deformation. In addition, the electrical potential and current of PEMFC are determined by the
Butler-Volmer formula, as shown in Eq. (8). The potential is related to the Galvanni potential
difference, as shown in Eq (S7). Moreover, the potential difference is related to temperature,
gas pressure, and Gibbs free energy, as shown in Eq. (7) and Eq. (S8). In charged particle
transport, Ohm’s law is used to describe the reaction rate and conductivity of electrons and
protons, as shown in Eq. (9). The effective proton conductivity is related to the reference proton

conductivity, temperature, and water content of PEM, as shown in Eq. (11)-(13).

3. Results and Discussions
3.1 Mesh independence and model validation

Fig. 1b and 1c illustrate five different mesh configurations for the membrane electrode
assembly (MEA) region, and the current density for each configuration at U=0.5 V is computed
for comparison. Table 1 presents the primary boundary conditions and parameters [4]. The
results obtained for 353.15 K operating temperature, 80% gas relative humidity (RH), and 0.5
V output voltage are tabulated in Table 2. The relative error of current density between scheme
M4 and scheme MS5 is lower than 0.27%, the simulated result of using scheme M4 has little
impact on the calculated accuracy. To balance the simulation accuracy and operation time of

the model, scheme M4 with 13773 elements is adopted for the subsequent simulations.



Table 1. Main boundary conditions and parameters.

Parameter Value

Operating conditions

Pressure of gas / kPa 200
Relative humidity 80%
Temperature of gas / K 353.15
Faraday constant / C mol! 96485
Universal gas constant / J mol ! K! 8.314
Temperature of surrounding / K 353.15

Thermal and transport parameters

GDL permeability without compression / m? 1.23 X 10!
MPL permeability / m? 1013
CL permeability / m? 1013
Porosity of the GDL without compression 0.76

Fig. 2 compares the simulation results in the present study and the experimental results
considering a; as 1.1. The comparison shows that the average deviation between the simulated
and experimental data, considering the GDL strain, is 2.25%. In addition, the average deviation
of the polarization curve between the data from the traditional model simulation and experiment
is 10.44%. Therefore, the proposed model is more reliable than the traditional model.

Table 2. Calculation results.

2

Mesh schemes Number of cells  Current density / A cm™ Calculation time / s




Ml 5493 1.4794 36

M2 7341 1.4796 47

M3 10565 1.4586 75

M4 13773 1.4471 106

M5 16204 1.4433 129
1.0 -

Voltage (V)

0.44 = experiment of reference
simulation (improved model)

simulation (traditional model)

0.2 . . .
0.0 0.5 1.0 1.5

Current density (A cm'z)

Fig. 2. Comparison of the simulated and experimental data [4].

3.2 Power density and polarization curves of PEMFC




To demonstrate the performance of PEMFC under different operational conditions, three
output voltages (0.8 V, 0.6 V, and 0.4 V) are selected to represent low current density (LCD),
medium current density (MCD), and high current density (HCD), respectively. A voltage of 0.8
V is the starting point of the ohmic loss stage, which is typically used as the initial voltage for
the fuel cell. A voltage of 0.6 V is considered the standard operating condition of the fuel cell
and serves as the midpoint for flexible output adjustment. The voltage of 0.4 V represents a
significantly flooded condition and is used to investigate the performance of the transfer under
flooding. To ensure seal performance without damaging the structure, a GDL from Toray
company with a CR of 8-22% is used in this study [25].

The evaluation of PEMFC performance typically involves analyzing the polarization curve
and power density. In this study, as depicted in Fig. 3a and Fig. S1, the current density of the
PEMEC for various values of CR, ranging from 0% to 8%-22% (in increments of 1%), is
examined. Results indicate that compressed GDL (GDL-c) outperforms uncompressed GDL
(GDL-uc) in terms of both current and power densities, which is consistent with previous
research [34, 35]. The maximum power density is observed at CR=20%, while the minimum is
at CR=0 for all CR values studied. Fig. 3b illustrates the polarization curves and power densities
for CR=0 and CR=20%. Interestingly, the power density at CR=20% is higher than that at CR=0,
by 4.19% (at U=0.8 V), 11.19% (at U=0.6 V), and 13.68% (at U=0.4 V). These findings suggest
an optimal CR associated with peak power density within the CR range. Furthermore, the peak
power density at CR=20% is 11.89% higher than that at CR=0 (represented by the black and
red points in Fig. 3b), indicating that increasing CR results in a higher peak current density for

the PEMFC.



According to calculated results, the peak power density when CR=20% in the proposed and

traditional model are 7466.6 W m? and 6611.2 W m™, respectively. This indicates that the

proposed model is effective in predicting the output performance of fuel cells.
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Fig. 3. Polarization curves and power densities. a) Polarization curves of CR=0, 8%-22%. b)

Polarization curves and power densities for CR=0 and CR=20%.

3.3 Distribution of water content in the ionomer of CCM

Ionomers are not exclusively present in PEMs; but also in CLs, whose primary function is to

transport hydrogen ions. The water content of ionomers in CCL is associated with the reaction

rate, such that an increase in the reaction rate prompts an increase in the water content of

ionomers in CCL. In the conventional model, the water content of PEM remains constant as the

effective proton conductivity is set constant. Fig. 4 shows the average water content and

effective proton conductivity of PEM in the proposed and traditional model when CR is 20%.

The average water content and effective proton conductivity of PEM of the proposed model are

34.29% and 41.45% higher than that of the traditional model, respectively, indicating the proton

transfer performance achieved from the proposed model is better than that achieved from the



traditional model.
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Fig. 4. Average a) effective proton conductivity and b) water content of PEM of the proposed

and traditional model.

In addition, Fig. 5 gives the water content of ionomers in CCM. According to Fig. 5a and 5b,
the water content of ionomer under the rib is lower than that under the GC. In comparison, the
ionomer water content in the CCL/CMPL interface under the rib is higher than that under the
GC. This indicates that the region is flooded as the electrochemical reaction increases. In Fig.
5c¢ and 5Se, the slope of MCD (red line) and HCD (blue line) is steeper than that of LCD (black
line). This can be attributed to two factors: an increase in current density leads to an increase in
the gradient of water content in the PEM, and membrane drying (A<4) occurs at HCD, as
previously reported [8]. One possible explanation is that an HCD requires a significant passage
of hydrogen ions through the PEM, leading to insufficient steam supply on the anode side and

subsequent drying out of the PEM. Membrane drying, in turn, exacerbates the transmembrane



transport performance.

In Fig. 5, the state of membrane drying in the through-plane region of the PEM when CR=0
and CR=20% is 46.0% and 43.2%, respectively. This shows that the dry region of the membrane
is reduced at the GDL-c with the same output voltage. This suggests that the concentration loss
of GDL-c is lower than that of GDL-uc, and as a result, the lifespan of the PEM in GDL-c is
greater than that in GDL-uc for the range of CRs examined in this study. Typically, the anode
and cathode sides of a fuel cell are humidified equally. However, when operating under HCD
(low output voltage), the humidification of the reactant gas on the anode side must be calculated

separately from that of the cathode side.



ACL
a

C 16
—U=08V
——U=06V
—U=04
% U=04v
CCL

A(-)

ACL

4 i
0 1'0 2'0 3‘0 4'0 50
¥ (um)
d 16
—U=08V
—U=0.6 V
—U=04V

12

0 10 20
¥ (pm)

30

e i

121

; Min:2.6135 E
Max:13.2332
b Min:2.6964*-—__!-:
Max:14.6611

() 14
12
10
8
6
4
2
——U-08V
F—U=06V
—U=04V
ACL CCL
0 10 20 30 40 50
» (pm)
——U=08V
F—u=06v
—U=04V
ACL' PEM cer
0 10 20 30 40 50
y (pm)

Fig. 5. Water content of ionomers in CCM at a) CR=0 and b) CR=20%. Water content

distribution in Line 1 of the CCM at ¢) CR=0 and e) CR=20%. Water content distribution in

Line 2 of the CCM at d) CR=0 and f) CR=20%.

3.4 Gas distributions of GDM

The impact of gas mass transfer on PEM water content is considered in this study by



considering gas distribution in the Gas Diffusion Media (GDM). The gas under investigation
includes hydrogen, oxygen, and steam. Mole fraction is a typical representation of gas
distribution behavior, which depends on mass transfer in the porous media. Optimal gas supply
is crucial for achieving high power density in PEMFC, and therefore, gas distribution within
the GDM is a critical factor in determining output performance. A comparison between CR=0

and CR=20% cases is presented.

3.4.1 Mole fraction of hydrogen and oxygen

Fig. 6 gives the mole fraction of hydrogen and oxygen in GDM. Due to the limited space, only
the maximum value is labeled in Fig. 6¢c, 6f, 61, and 6l, respectively. As shown in Fig. 6a-6c¢,
the hydrogen mole fraction at the center of the ACL under the ribs is lower than that under the
GC, which can be attributed to the longer mass transfer path length under the ribs. Furthermore,
Fig. 6d-6f show the mole fraction of hydrogen at CR=20%. Even at HCD (U=0.4 V), the
difference in hydrogen mole fraction is minimal. This is because hydrogen has a smaller
molecular size than water and oxygen, resulting in a higher diffusion rate in porous media. Table
3 displays the average hydrogen mole fraction in AGDM for CR=0 and CR=20%, indicating
that they are almost equal with a difference of less than 0.55%. Likewise, the average hydrogen
mole fraction under the rib in GDL for CR=0 and CR=20% is also nearly the same, with a
difference of less than 1.13%. Therefore, in most scenarios, the influence of hydrogen mole
fraction on the performance of PEMFC is relatively lower compared to that of oxygen and water.

The lower mole fraction of oxygen under the rib compared to that under the GC can be

attributed to three main factors: the input concentration of oxygen is lower (mole fraction =



21%) than that of hydrogen (mole fraction > 99.99%), oxygen has a larger molecular size and
smaller diffusion coefficient than hydrogen, and there is a longer mass transfer distance under
the rib than under the GC. According to Fig. 6, in the HCD (U=0.4 V), the molar fraction of
oxygen at the CCL is 2.67% for the molar fraction of oxygen at the GC, leading to oxygen
deficiency at all times during fuel cell operation. As a result, the fuel cell operates in a starved
state and further increases in current density lead to severe concentration polarization or
concentration loss. Table 3 presents the average mole fraction of oxygen in CGDM at CR=0
and CR=20%, with Fig. 6j-61 providing further detail. The data in Table 3 reveals that at
CR=20%, the average mole fraction of oxygen in CGDM is lower by 0.68% (U=0.8 V), 7.55%
(U=0.6 V), and 12.20% (U=0.4 V) compared to CR=0. These results imply that the reaction
rate is higher when CR=20%, indicating a significant impact of GDL compression on the
oxygen transfer performance in PEMFC. Moreover, the deformed GDL enhances the reverse
osmosis of water, increasing the water content of the PEM.

Table 3 presents the mean mole fraction of oxygen in GDL under the rib, indicating that the
oxygen concentration at CR=0 is greater than that at CR=20%. This disparity may be due to the
lower oxygen permeability in GDL-c compared to GDL-uc, or the higher reaction rate of
CR=20% relative to CR=0. Usually, the oxygen supply is the dominant factor governing the

peak output performance of a PEMFC.
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Fig. 6. Mole fraction of hydrogen and oxygen in GDM. Mole fraction of hydrogen when CR
of0ata) 0.8 V,b) 0.6V, and c) 0.4 V. Mole fraction of hydrogen when CR of 20% at d) 0.8 V,
e) 0.6 V and f) 0.4 V. Mole fraction of oxygen when CR of 0 at g) 0.8 V, h) 0.6 V and i) 0.4 V.

Mole fraction of oxygen when CR of 20% at j) 0.8 V, k) 0.6 Vand 1) 0.4 V.

Table 3. Parameter comparison in the different CRs.

Parameters region value (U=0.8 V) value (U=0.6 V) value (U=0.4 V)
Hydrogen distributions
Average mole fraction AGDM (CR=0) 0.8080 0.7972 0.7934
of hydrogen AGDM (CR=20%) 0.8077 0.7942 0.7891
AGDL under the rib 0.8071 0.7921 0.7869
(CR=0)
AGDL under the rib 0.8062 0.7856 0.7780
(CR=20%)

Oxygen distributions
Average mole fraction CGDM (CR=0) 0.1622 0.1272 0.1148

of oxygen CGDM (CR=20%)  0.1611 0.1176 0.1008




CGDL under the rib 0.1592 0.1104 0.0936

(CR=0)
CGDL under the rib 0.1564 0.0898 0.0648
(CR=20%)
Steam distributions
Average mole fraction CGDM (CR=0) 0.1963 0.2159 0.2171
of steam CGDM (CR=20%) 0.1961 0.2173 0.2189
CGDL under the rib 0.1985 0.2251 0.2266
(CR=0)
CGDL under the rib 0.1990 0.2303 0.2325
(CR=20%)

Temperature distribution
Peak temperature ("C) MEA (CR=0) 80.2128 81.4374 82.1547

MEA (CR=20%) 80.1860 81.3545 82.0667

3.4.2 Mole fraction of steam

Fig. 7 gives the mole fraction of steam in the MEA. The mole fraction of steam at the junction
of CCL and CMPL under the ribs is higher than in other regions. This is due to the water
transport produced by the electrochemical reaction to the CMPL, causing the mole fraction of
steam to increase at the junction. Table 3 lists the average mole fraction of steam in CGDM,
which is almost equal (<0.83%) for CR=0 and 20% within the output voltage range of this study.
According to Fig. 7, at HCD (U=0.4 V), the mole fraction of steam at the CCL becomes
saturated, which leads to flooding. When flooding occurs, the pores of the GDM become filled
with liquid water, which hinders oxygen transportation and causes an increase in concentration
loss as water accumulates. Additionally, the average mole fraction of steam in CGDL under the

rib of CR=20% is 2.60% (U=0.4 V) and 2.3% (U=0.6 V) higher than that of CR=0, indicating



that the reaction rate of CR=20% is higher than that of CR=0.
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Fig. 7. Mole fraction of steam in MEA when U=0.4 V at a) CR=0 and b) CR=20%.

3.5 Temperature distributions of MEA

Fig. 8 displays the temperature distribution of MEA. According to Fig. 8a and 8b, the
temperature difference between regions of MEA increases with decreasing voltage (i.e., the
current density increased). At U=0.4 V, the temperature difference between regions of the MEA
is 2.15 K (CR=0) and 2.07 K (CR=20%). Reducing the temperature difference improves the
lifespan and stability of the PEMFC. Moreover, the temperature difference of the MEA with
GDL strain is smaller than that without GDL strain, which can be attributed to two factors: 1) a
shorter path length of GDL-c compared to GDL-uc, and 2) a higher thermal conductivity of
GDL-c resulting in better heat transfer performance.

Fig. 8b, 8c, 8e, and 8f present the temperature distribution at the edge and center of the MEA.
According to Fig. 8b and 8e, the temperature gradient of GDL-c is lower than that of GDL-uc
due to the lower thermal resistance of GDL-c compared to GDL-uc. The compressed region's
thermal resistance remains unchanged (Fig. 8c and 8f). Furthermore, Table 3 lists the peak

temperature of the MEA, which decreases as the CR increases. Additionally, the temperature



difference for CR=20% is 12.59% (U=0.8 V), 5.77% (U=0.6 V), and 4.08% (U=0.4 V) lower
than that of CR=0, indicating an improved heat dissipation performance of the MEA through
GDL compression. This lower temperature difference resulting from GDL compression is
beneficial for preventing membrane drying caused by high temperatures and improving PEM

wetting.
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Fig. 8. Temperature distribution of MEA at a) CR=0 and b) CR=20%. Temperature distribution



in Line 1 (under the rib) of the MEA b) CR=0 and e) CR=20%. Temperature distribution in

Line 1 (under the GC) of the MEA c¢) CR=0 and f) CR=20%.

4. Conclusions
To decrease the deviation between simulation and experiment from effective proton

conductivity shifts during PEMFC assembly, the reference proton conductivity was corrected

in this study. The validity of the proposed model was established through comparison with

experimental data. The deviation, polarization curve, effective proton conductivity, and water

content of PEM from the proposed and traditional model were compared. The distribution of

gas species and temperature were investigated in this study by simulating the CR of GDL using

the proposed model. The main conclusions were summarized as follows.

® The deviation of the proposed and traditional model with experimental were 10.44% and
2.25%, respectively. The peak power densities of the proposed and traditional models were
7466.6 and 6611.2 W m™, respectively, when the optimal CR was 20%. The average water
content and effective proton conductivity of PEM of the proposed model were 34.29% and
41.45% higher than that of the traditional model, respectively, indicating that the proton
transfer was increased. Therefore, in the prediction of the output performance of PEMFC,
the proposed model was more reliable than the traditional model.

® The relationships between the output performance of PEMFC and CR of GDL were
revealed. The optimal CR of this study was 20%. The water content within PEM was
substantially influenced by the oxygen distribution in GDM (12.20%). At U=0.4 V, the

membrane drying region for CR=0 and 20% were 46.0% and 43.2%, respectively. As a



result, the membrane drying zone was decreased by the deformed GDL, which increased
the ionomer conductivity of PEM. In addition, the peak power density was increased from
6673.3 to 7466.6 W m™ when the CR was increased from 0 to 20%, indicating that the
output performance of PEMFC was increased by the deformed GDL.

® A considerable challenge is faced by the precise simulation of PEMFC due to the fewer
experimental data on ionomer conductivity. Therefore, developing in-situ characterization
technologies for ionomer conductivity in PEM is an important step toward advancing the

development of PEMFC technology.
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Nomenclature
Symbols Meaning (units)
Ag, Reversible potential (V)
AG Change in Gibbs free energy (J mol™1)
F Faraday constant (C mol™?)
Ph2 Partial pressure of hydrogen (Pa)
Po2 Partial pressure of oxygen (Pa)
Pref Gas reference pressure (Pa)
R Ideal-gas constant (] mol™* K1)
AH Enthalpy change (J mol™1)
T Temperature (K)
Lan/lcath Anode/cathode electrochemical reaction rate (A m™3)

lO,an/lo,cath

Anode/cathode exchange current density (A m™?2)

Aan/Acath Anode/cathode active specific surface region (m™1)
n Activation overpotential (V)

be/dp Electric potential of the electron/proton phase (V)
Pu,/Po,/Pu,0 Partial pressure of hydrogen/oxygen/steam (Pa)
RH Relative humidity

Psat

Saturated vapor pressure of water (Pa)




Dynamic viscosity of water (Pa s)
Electron/proton conductivity (S m™1)

Reference proton conductivity (S m™)
Electron/proton reaction rate (4 m™3)

Ionomer content

Volume fraction of water in the ionomer

Water content in the ionomer

Equivalent volume of dry membrane (m3 mol™1)
Molar volume of liquid water (m3 mol™1)
Diffusivity of water in ionomers (m? s~1)
Electroosmotic resistance coefficient

Reaction rate of dissolved water (mol m™3 s71)
Thermal conductivity (W m~! K1)

Heat source (W m™3)

Total Interstitial Gas Concentration (mol m™3)
Fick’s diffusion coefficients of different gases (m? s—1)
Mole fraction of different gases

Solid porosity

Tortuosity

Saturation of liquid water

Reference Fick diffusion coefficients for different gases (m? s—1)
Total pressure of mixed gas (Pa)

Hydraulic permeability (m?)

Capillary pressure (Pa)

Reaction rate of liquid water (mol m™3 s71)
Intrinsic permeability of porous media (m?)
Converted liquid water saturation
Thickness of CL (m)

Porosity of CL

Total reaction rate (mol m™3 s™1)

First Piola—Kirchhoff stress (Pa)
Deformation gradient tensor (/)

Volume force vector (N m™)

Unit matrix (/)

Displacement field (m)

Second Piola—Kirchhoff stress (Pa)
Inelastic stress tensor (Pa)

Strain energy density (J m™)

Cauchy stress (Pa)

Elastic volume ratio (/)

Elastic Green-Lagrange strain (/)

Elastic volumetric deformation (/)

Lamé¢ parameters (Pa)




Al Lamé¢ parameters (Pa)
1 First invariant of the elastic right Cauchy—Green deformation tensor

()
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